Background: Fish sound production is widespread throughout many families. Agonistic and courtship behaviors are the most common reasons for fish sound production. Yet, there is still some debate on how sound production and spawning are correlated in many soniferous fish species. In the present study, our aim was to determine if a quantitative relationship exists between calling and egg deposition in captive spotted seatrout (Cynoscion nebulosus). This type of data is essential if scientists and managers plan to use acoustic metrics to identify spawning aggregations over large spatial scales and monitor reproductive activity over annual and decadal timeframes.Methods: Wild caught spotted seatrout were held in three laboratory tanks equipped with long-term acoustic loggers (i.e., DSG-Oceans) to record underwater sound throughout an entire, simulated reproductive season. Acoustic monitoring occurred from Tanks 2 and 3. DSG-Oceans were scheduled to record sound for 2 min every 20 min. We enumerated the number of calls, calculated the received sound pressure level (SPL in dB re 1 µPa; between 50 and 2000 Hz) of each 2 min 'wav file', and counted the number of eggs every morning in each tank.Results: Spotted seatrout produced three distinct call types characterized as "drums", "grunts", and "staccatos". Spotted seatrout calling increased as the light cycle shifted from 13.5 to 14.5 h of light, and the temperature increased to 27.7 o C. Calling began to decrease once the temperature fell below 27.7 o C, and the light cycle shifted to 12 h of light. These captive settings are similar to the amount of daylight and water temperatures observed during the summer, which is the primary spawning period of spotted seatrout. Spotted seatrout exhibited daily patterns of calling. Sound production began once the lights turned off, and calling reached maximum activity approximately 3 h later. Spawning occurred only on evenings in which spotted seatrout were calling. Significantly more calling and higher mean SPLs occurred on evenings in which spawning occurred as compared to evenings in which spawning did not occur. Spawning was more productive when spotted seatrout produced more calls. For all tanks, more calling and higher SPLs were associated with more eggs released by females.Discussion: The fact that more calling and higher SPLs PeerJ PrePrints | https://doi.org/10.7287/peerj.preprints.1656v1 | CC-BY 4.0 Open Access | recwere associated with spawns that were more productive indicates that acoustic metrics can provide quantitative information on spotted seatrout spawning in the wild. These findings will help us to identify spawning aggregations over large spatial scales and monitor the effects of noise pollution, water quality, and climatic changes on reproductive activity using acoustic technology.
We manually counted the number of calls within each 2 min, 'wav file' by viewing the 162 files in Adobe Audition (Adobe Systems Incorporated, San Jose, CA, USA, www.adobe.com). 163 Spotted seatrout produced three different calls, which we characterized as "grunts", "drums", or 164 "staccatos" following similar nomenclature previously published in other studies (Mok & 165 Gilmore, 1983; Sprague et al., 2000; Walters et al., 2009 ). For each tank, we determined the 166 number of "grunts", "drums", and "staccatos" per day by summing the calls that occurred 167 between 18:00 and 06:00, which was the time in which the majority of calling occurred. 168 We calculated the received sound pressure level (SPL; dB re 1 uPa; between 50 and 2000 169 Hz) of the entire, 2 min 'wav file' using automated MATLAB scripts (The MathWorks, Inc., 170 Natick, MA, USA, www.mathworks.com). Received SPL calculations were completed by first 171 applying a band pass filter to the signal, then calculating the root-mean-square (RMS) voltage, 172 and then converting the RMS voltage to a received SPL by incorporating the hydrophone 173 sensitivity (-185 dBV μPa -1 ) and the DSG gain (i.e., 20). Files that contained noise artifacts 174 created from tank filters, tank maintenance, and fish hitting the tank walls or recorders were not 175 included in SPL analysis. The average background noise levels for Tanks 1 through 3 were 176 approximately 114, 113, and 112 dB re 1 µPa, respectively. The highest received SPLs for tanks 177 1 through 3 were 148 (i.e., 139 calls detected), 146 (i.e., 76 calls detected), and 138 (i.e., 67 calls 178 detected) dB re 1 µPa, respectively. For each tank, we calculated the mean SPL per day by taking 179 the mean of the SPLs between 18:00 and 06:00. 180 For each day during the recording period, the 'wav' file that contained the most 181 numerous calls was used to estimate the mean duration and mean number of pulses in a 182 "staccato" call for that day. We calculated "staccato" duration by manually subtracting the time 183 of call termination from the time of call initiation. The pulse number was determined by 184 manually counting each individual pulse in a "staccato". 185 Microsoft Excel (Microsoft, Redmond, WA, USA, www.microsoft.com/en-us), 186 MATLAB, and SYSTAT 13 (Systat Software, Inc., San Jose, CA, USA, www.systat.com) were 187 used for data and statistical analysis. The time and frequency domains were illustrated for 188 "drums", "grunts", and "staccatos". We summarized spotted seatrout spawning productivity, the 189 number of calls and SPLs, and call characteristics for each tank. We determined the relationship 190 between all calls (i.e., sum of "grunts", "drums", and "staccatos") and received SPLs for each 191 tank using Pearson correlation analysis. We plotted the number of calls, water temperature, and 192 photoperiod adjustments versus date. To examine the daily patterns of sound production in each 193 tank, we determined the mean number of "drums" for each time interval during the 14.5 h of 194 light photoperiod. 195 We examined the relationship between sound production and spawning. To determine if 196 spawning was associated with spotted seatrout calling, we plotted the number of calls per day 197 and the number of eggs collected (i.e., the next morning) versus the date for each tank. To 198 examine whether or not more calling (i.e., the number of calls between 18:00 and 06:00) and 199 higher SPLs (i.e., the mean SPL between 18:00 and 06:00) occurred on evenings with spawning, 200 we performed paired T-tests. We performed linear regressions with the number of calls or mean 201 SPL per evening as the independent variable and the number of eggs collected as the dependent 202 variable. To examine whether or not calls of longer duration with more pulses occurred on the 203 evenings with spawning, we performed paired T-tests. Spotted seatrout held in captivity produced three distinct call types. These calls were 208 characterized as "drums", "grunts", or "staccatos", following similar nomenclature published in 209 other studies ( Fig. 1 ; Mok & Gilmore, 1983; Sprague et al., 2000; Walters et al., 2009 ). The 210 acoustic energy of the calls occurred between 50 and 1500 Hz with most energy occurring 211 between 50 and 500 Hz ( Fig. 1E -G). A staccato call was characterized as having multiple pulses 212 (n > 5) with a very short inter-pulse interval with acoustic energy ranging from 50 to 1000 Hz 213 ( Fig. 1A, B , E). A grunt call was composed of a single pulse displaying multiple harmonics with 214 acoustic energy ranging from 50 to 1000 Hz ( Fig. 1A , C, F). A drum call was composed of one 215 to four pulses with a short inter-pulse interval with acoustic energy ranging from 50 to 1000 Hz 216 ( Fig. 1A , D, G). The number of drums, grunts, and staccatos were positively correlated with each 217 other in all tanks (Pearson Correlation Test; P < 0.05 for all comparisons, data not shown). In all 218 tanks, drums were the most frequently produced followed by grunts and then staccatos (Table 1; 219 Fig. 2 ). Increased calling led to higher average SPLs, and the total number of calls (i.e., sum of 220 drums, grunts, and staccatos) produced correlated positively with SPL in all tanks (Pearson 221 Correlation Test; r = 0.917, P < 0.01 for Tank 1; r = 0.688, P < 0.01 for Tank 2; and r = 0.457, P 222 < 0.01 for Tank 3). We observed three major findings concerning general patterns of sound production. First, 226 fish calling occurred in all tanks ( Fig. 2 ). Third, photoperiod and temperature 228 adjustments affected calling. As the simulated reproductive season progressed, maximal sound 275 acoustic energy distributed from 200 to 600 Hz, which was similar to the "staccato" we 276 described in the present study. 277 We calculated the received SPL between 50 and 2000 Hz of the entire 2 min 'wav' file. 278 Sound pressure level is the most universal acoustic metric and expresses RMS sound amplitude 279 within a given time window (in this case 2 min) and frequency range (in this case 50 to 2000 Hz) 280 as a single decibel level (Kinsler et al. 1999) . We demonstrated that the total number of calls 281 (i.e., sum of drums, grunts, and staccatos) counted in the 2 min 'wav' files correlated positively 282 with the mean received SPL. Mean SPL is a function of the number of calls, duration of each 283 call, the sound intensity of each call, and the distance of the sound source from the recorder. The 284 relationship between calling and received SPL is important because SPL is often the more useful 285 metric in quantifying sound production in the wild, where it is not possible to count overlapping 286 calls of a chorusing aggregation. In addition, long-term monitoring of spawning aggregations 287 using autonomous acoustic recorders can generate several thousand acoustic files. Having a 288 MATLAB code to determine the mean received SPL of each acoustic file as a means to quantify 289 sound production is much less time intensive than having an observer manually count calls. The 290 one drawback in calculating received SPL is that the level depends on the distance from the 291 spawning aggregation, which is typically unknown in wild recordings. 292 293 Light Cycle and Temperature Affect Sound Production 294 We discovered that maximal sound production of captive spotted seatrout occurred when 295 the photoperiod shifted to 14.5 hrs of light, and the water temperature increased to approximately 296 27 o C. These captive settings are similar to the amount of daylight and water temperatures 297 observed during the summer in the Southeast, which is the primary spawning period for spotted 298 seatrout (Luczkovich et al., 1999b; Roumillat and Brouwer, 2004; Luczkovich et al., 2008) . In 299 the southeastern United States, sound production of spotted seatrout has been detected from May 300 to September (Riekerk, Tyree, & Roumillat, 1997; Luczkovich et al., 2008) . This seasonal shift 301 in sound production is most likely due to changes in circulating testosterone levels, which affects 302 the output of the brain and sonic muscle mass. For example, as the spawning season approaches, 303 the sonic muscle in weakfish triples in mass, which coincides with seasonal patterns of peak 304 calling (Connaughton & Taylor 1994; Connaughton & Taylor, 1995) . This hypertrophy is driven 305 by elevated androgen levels, which are triggered by photoperiod and temperature cues that 306 initiate sexual behavior (Connaughton & Taylor, 1994) . Wild and captive spotted seatrout may 307 follow similar endocrine, anatomical, and physiological changes. 308 We found that wild caught spotted seatrout exhibited daily patterns of calling, which 309 began when the lights turned off and reached maximum activity three hours later. Other sciaenid ). In Charleston Harbor, South Carolina, spotted seatrout calling was shown to occur from 314 18:00 to 22:00 hs, with peaks occurring in the late evening (Riekerk, Tyree, & Roumillat, 1997) . 315 In Pamlico Sound, North Carolina, spotted seatrout drumming activity began after sunset (21:00 316 hs), peaked at 22:00 hs, and ended at 23:00 hs (Luczkovich et al., 2008) . In Barataria, Caminada, 317 and Eastern Timbalier Bay Systems of Louisiana, Saucier and Baltz (1993) showed that spotted 318 seatrout sound production occurred from 17:00 to 01:00 hs and that 92% of the drumming 319 occurred between 19:00 and 23:00 hs.
Spawning at dusk is a reproductive strategy for sciaenids living in a temperate 321 environment (Holt et al., 1985) . This evolved behavior may provide a fitness advantage for 322 offspring by limiting predation on eggs (Holt et al., 1985) . Many fishes including those of the 323 families Crangidae, Lutjanidae, and Sciaenidae prey on recently released sciaenid eggs. It is 324 suggested by Holt et al. (1985) that predation by these fishes occurs mostly during the day 325 because these predators lack the sensory abilities to detect prey during the night. Thus, evening 326 spawning allows for maximum dispersal of eggs prior to dawn when predators become more 327 active. In fact, Holt et al. (1985) performed plankton tows and found that spotted seatrout egg 328 densities were reduced from 100 m -3 during spawning to less than 1 m -3 the next afternoon, after 329 24 h of wind and tide dispersal.
330
As previously discussed, maximal sound production of captive spotted seatrout occurred 331 when the photoperiod shifted from 13.5 to 14.5 h of light, and the water temperature increased to 332 approximately 28 o C, which simulated daylight and water temperatures observed during the 333 summer spawning season in South Carolina (Fig. 2) . These photoperiod and temperature cues 334 initiate the spawning season of spotted seatrout. However, in all tanks, rapid temperature changes 335 within the simulated reproductive season, also affected calling (Fig. 2) . Generally, abrupt drops 336 in temperature decreased calling, while abrupt rises in temperature increased sound production. 337 In a different but similar study, we found that wild caught red drum held in laboratory tanks 338 exhibited similar temperature dependent behaviors (Montie et al., 2015b). Other studies with 339 different fish species revealed similar findings. Schneider (1967) illustrated that the number of 340 calls and the number of pulses in a call produced by tiger bass (Terapon jarbua) increased at 341 higher temperatures. Fine (1978) found that elevated water temperatures increased the 343 (Opsanus tau). Connaughton et al. (2000) found that a rise in water temperature increased the 344 mean SPL, the mean number of pulses, and the mean frequency in Hz of captive weakfish calls. 345 Maruska and Mensinger (2009) reported that higher water temperatures were correlated with a 346 greater number of grunt emissions, higher fundamental frequencies, and shorter call durations in 347 oyster toadfish. In this study, we provide quantitative data on the positive relationship between sound 351 production and spawning in captive spotted seatrout. In a different but similar study, we found 352 that the amount of calling and the call structure played an important role in spawning success in Table 3 . Results of linear regression that tested the significance of the amount of calling and sound pressure level in relation to spawning success of spotted seatrout (Cynoscion nebulosus). 
